Abstract Elevated uric acid levels have recently been found to be associated with slower disease progression in Parkinson's disease, Huntington's disease, multiple system atrophy, and mild cognitive impairment. The aim of this study is to determine whether serum uric acid levels predict survival in amyotrophic lateral sclerosis (ALS). A total of 251 people with ALS enrolled in two multicenter clinical trials were included in our analysis. The main outcome measure was survival time, which was calculated as time to death, tracheostomy, or permanent assistive ventilation, with any event considered a survival endpoint. Cox proportional hazards models were used to estimate the hazard ratio (HR) of reaching a survival endpoint according to baseline uric acid levels after adjusting for markers of disease severity (FVC, total ALSFRS-R score, time since symptom onset, diagnostic delay, BMI, bulbar vs. spinal onset, age, and riluzole use). There was a dose-dependent survival advantage in men, but not women, with higher baseline uric acid levels (logrank test: p = 0.018 for men, p = 0.81 for women). There was a 39% reduction in risk of death during the study for men with each 1 mg/dl increase in uric acid levels (adjusted HR: 0.61, 95% CI 0.39-0.96, p = 0.03). This is the first study to demonstrate that serum uric acid is associated with prolonged survival in ALS, after adjusting for markers of disease severity. Similar to previous reports in Parkinson's disease, this association was seen in male subjects only.
Introduction
The potential role of uric acid in neurodegeneration has been an area of interest ever since high serum urate concentrations were linked to a reduced risk of developing Parkinson's disease [1] [2] [3] [4] . Uric acid levels were also found to be predictors of clinical and radiographic progression in men with Parkinson's disease, with higher levels associated with slower rates of decline [5, 6] . Furthermore, higher uric acid levels have been correlated with slower clinical progression in Huntington's disease, multiple system atrophy, and mild cognitive impairment [7] [8] [9] [10] . While the mechanisms underlying these epidemiological observations are not clear, it has been speculated that uric acid may have a protective influence on neuronal cell death because of its antioxidant properties [11] [12] [13] . Thus, research efforts are underway to test the safety of elevating serum uric acid concentrations in Parkinson's disease as a novel potential therapy [clinical trial NCT00833690] .
The role of uric acid in amyotrophic lateral sclerosis (ALS) has been less well studied. Two prior studies reported that serum urate concentrations were lower in subjects with ALS compared to a convenience sample of healthy controls [14, 15] . Zoccolella also reported an association between low uric acid levels and longer disease duration, which they hypothesized to be due to malnutrition, but they did not adjust for BMI in their analyses [14, 16] . No prior study has tested whether the positive correlation between uric acid levels and disease progression seen in men with Parkinson's disease would be duplicated in ALS. We therefore tested whether uric acid levels would predict disease progression and survival in a large cohort of ALS clinical trial participants.
Methods

Subjects
Partners Healthcare Institutional Review Board and Northeast ALS Consortium (NEALS) approval for use of blood samples from all studies was obtained. The study population consisted of participants in two clinical research databases: the trial of celecoxib in ALS and the trial of arimoclomol in ALS [17, 18] . Subjects were followed at multiple ALS centers of the NEALS between 2001 and 2006. All subjects met El Escorial World Federation of Neurology criteria for the diagnosis of definite or probable ALS at the time of blood sampling [19] . Subjects on thiazide diuretics (16) or allupurinol (0) were excluded from our analyses. At the time of this study, baseline serum samples were available for 251 subjects from the two clinical databases combined. Fourand 8-month follow-up samples were also available for a total of 177 and 148 subjects. Complete data on medical history, physical examination, neurologic examination, and forced vital capacity (FVC) were available for all participants. ALS Functional Rating Scale-Revised scores were also assessed. Survival times were calculated as time to death, tracheostomy, or permanent assistive ventilation, with any event considered a survival endpoint. Permanent ventilation was defined as invasive or non-invasive ventilation use for more than 22 h/day for 14 consecutive days. Subjects were followed for a mean of 267.2 ± 131.9 days.
Biochemical procedures
Serum samples were obtained at the time of enrollment, and then aliquoted and frozen at -80°C until time of use. Samples were run on an Architect Ci8200 System TM using uric acid kits following the manufacturer's instructions (Abbott Laboratories, Abbott Park, IL). Results were corrected for measurement variance by adjusting for differences in control samples that were randomly inserted between subject samples to detect changes in batch measurements.
Statistical analysis
All analyses were performed using SAS statistical software version 9.2 (SAS Institute, Cary, NC). All uric acid values were corrected for measurement error as above. Uric acid levels were normally distributed within sex (reference range: 3.5-7.2 mg/dl for males and 2.6-6 mg/dl for females). Uric acid levels were stratified into quartiles based on the distribution of the study results. Due to the extreme differences in the distribution of uric acid levels between men and women, sex-specific quartiles were used: for males \4. Survival was analyzed using the Kaplan-Meier method using the logrank test. Multivariate survival analysis was performed using Cox proportional hazard models for each gender. The following covariates assessed at the time of enrollment were included using a stepwise selection rule with a retention criterion of p \ 0.1: uric acid level, age, FVC, total ALSFRS-R score, body mass index (BMI) calculated as weight (kg)/height (m) 2 , site of symptom onset (bulbar vs. limb), time since symptom onset, diagnostic delay (as defined by time since symptom onset and diagnosis [20, 21] , and riluzole use. The length of time that samples were stored at -80°C prior to processing was also included as a covariate. All variables were treated as continuous, except for gender, bulbar onset, and riluzole use, which were dichotomized. Predictors of baseline uric acid levels were determined using a multivariate linear regression model which included the same covariates as in the Cox proportional hazard models above. For change over time in FVC and ALSFRS-R scores, we used a random effects model for longitudinal data including BMI as a covariate.
Results
At total of 251 subjects from two studies were included in our analysis ( Table 1) . As expected, uric acid levels were higher in men (mean 5.67 ± 1.34 mg/dl) compared to women (mean 4.25 ± 1.32 mg/dl) and were normally distributed within each sex (data not shown). In our multivariate model of baseline uric acid levels (Supplementary Table 1 ), disease duration and bulbar onset did not predict uric acid levels, after adjusting for BMI and male gender. Interestingly, longer time between symptom onset and diagnosis (suggesting a slower disease progression) was associated with higher levels of uric acid. Longer duration of storage at -80°C was also associated with lower uric acid levels. For subjects with repeated measurements, serum uric acid levels remained essentially unchanged during the follow-up time of 8 months. The mean uric acid level in 251 subjects at baseline was 5.15 ± 1.49 mg/dl, in 177 subjects at month 4 was 5.37 ± 2.73 mg/dl and in 148 subjects at month 8 was 4.96 ± 1.67 mg/dl (p = 0.44 for the fixed effect of time on uric acid levels).
Because of the higher levels of uric acid in men, survival analysis was performed based on sex-specific quartiles, as in the Parkinson's literature [5, 6] . There was a dosedependent survival advantage with each unit increase in baseline uric acid levels in men, but not women (logrank test: p = 0.018 for men, p = 0.81 for women, Fig. 1) . A Cox proportional hazards model was then used to adjust for markers of disease severity (age at enrollment, FVC, total ALSFRS-R score, time since symptom onset, diagnostic delay, BMI, bulbar vs. spinal onset, and riluzole use). In men, but not in women, there was a 39% reduction in risk of death during the study with each 1 mg/dl increase in uric acid levels (Table 2 a, b; HR in men = 0.61, 95% CI 0.39-0.96, p = 0.03). Supplementary Table 2 shows the Cox proportional hazards model forcing age, BMI, bulbar onset, duration of sample storage and total ALSFRS-R into the model; the hazard ratio for uric acid levels was still highly significant (HR = 0.59, 95% CI 0.36-0.97, p = 0.039). We also performed a sensitivity analysis restricting the analysis to the 139 men who were part of the trial of celecoxib in ALS, and again the logrank test was highly significant (p = 0.019).
Using a random effects model to analyze the change in FVC and ALSFRS-R over time, we found a non-significant trend towards slower progression in ALSFRS-R in males with higher baseline uric acid levels (p value for the interaction between uric acid and time = 0.08, Supplementary Tables 3, 4 ).
Discussion
Our findings suggest that higher baseline serum uric acid levels are associated with increased survival in men using a large ALS cohort. The fact that this association was seen in men only is not surprising, as this has been previously reported in Parkinson's disease [5, 6] . The graphical analysis appears to suggest a threshold effect with improved survival seen in subjects with uric acid levels greater than 4.8 mg/dl. This may explain why uric acid did not determine survival in women (in our study, only 22% of women had uric acid levels greater than 4.8 mg/dl). Further, a biological interaction between gender and uric acid might explain the stronger association between uric acid levels and survival in men.
Our analysis was subject to several limitations. First, samples had been kept in storage at -80°C for up to 10 years, which raises the question of possible sample denaturation. Fortunately, these samples had not been subjected to any prior freeze-thaw cycle, which reduces the possibility of sample degradation. We included the duration of storage as a covariate in all of our analyses and this variable did not affect the results. On the other hand, performing all measurements in the same laboratory, at the same time, and under identical conditions, minimized the risk of measurement bias. Second, although this was the largest study to date to examine uric acid levels in ALS patients, the number of deaths during the studies was low due to the short duration of follow-up. Confirmatory studies will be required to confirm the association, to test whether these results are applicable beyond a clinical trials population, and to test whether uric acid levels are of The arimoclomol study experienced no deaths, in part due to the inclusion criteria and in part due to the short duration of follow-up in that study ALSFRS-R ALS functional rating scale revised total score, BMI body mass index, Bulbar bulbar onset ALS, FVC forced vital capacity percent of predicted, no. number, SD standard deviation J Neurol (2012) 259:1923-1928 1925 clinical utility in predicting survival. Third, we were surprised to find that uric acid levels did not change over time, despite an average of weight loss in subjects of 0.3 kg/ month. A smaller recent study also found no change in the mean levels of uric acid in 46 subjects over 10 months (mean 4.78 ± 1.3 vs. 4.92 ± 1.1 mg/dl although the two groups were not the same) [15] . In our study, there was a trend towards slower ALSFRS-R decline in men with higher baseline uric acid levels, which did not reach significance (p = 0.08).
Our results are similar to recent reports of an association between serum uric acid concentrations and clinical progression in other neurological disorders including Parkinson's disease, Huntington's disease, multiple system atrophy and mild cognitive impairment [5] [6] [7] [8] [9] . Combined, these results suggest that uric acid may be involved in the pathophysiology of neuronal cell death, possibly serving a neuroprotective role, or it may serve as an indirect marker of the neurodegenerative processes that underlie these conditions.
In our multivariate analysis, we were able to adjust for known confounders of uric acid levels including gender, BMI, and duration of sample storage. However, residual confounding may have occurred because of unmeasured genetic [22] , dietary (such as dairy and alcohol intake [23] ) or other environmental factors, which may be associated with both uric acid levels and survival. Thus, uric acid Fig. 1 Kaplan-Meier survival curves stratified by gender and uric acid levels. Censored patients are indicated by crosses on the corresponding survival curve. Survival curves have been truncated at 400 days (when less than five subjects were at risk). a Male subjects: blue line uric acid \4.8 mg/dl; red line uric acid 4.8-5.4 mg/dl; green line uric acid 5.41-6.35 mg/dl; brown line uric acid [6. 35 mg/dl (logrank p = 0.018). b Female subjects: blue line uric acid \3.4 mg/dl; red line uric acid 3.4-3.9 mg/dl; green line uric acid 3.91-4.8 mg/dl; brown line uric acid [4.8 mg/dl (logrank p = 0.81). N total number at risk by uric acid quartile levels may be an additional marker of disease severity, not otherwise captured by our standard outcome measurements, or may be an independent predictor of survival. 
